Gas turbines are often required to operate at different power levels and under varying environmental conditions.
Introduction
Gas turbines are often required to operate at different power levels and under varying environmental conditions. But, it is not possible to obtain the same level of power output and efficiency within the entire range of operation. The gas turbine may be designed for optimised operation at given power level and specified conditions. The power level and expected thermal efficiency are chosen to correspond to those conditions under which the engine operates for most of its life. The values of the characteristic parameters at that point are termed as the design point.
Usually, a set of independent variables, which exclusively determine the performance of the engine, will be associated with this region (envelope). For a fixed geometry engine, these may be chosen as pressure ratio, turbine inlet temperature, rotational speed and air mass flow rate. This set is complete but not unique.
The gas turbine engine consists of various components, which are linked together in such a way that there exists a mechanical and thermodynamic interdependence among some components. This means that some operational compatibility (matching) between components will be required for a steady state or equilibrium operation. This requirement reduces the range of the operating conditions for the components. But it is possible to define a subset of the engine's operating envelope such that every point in this subregion is an equilibrium working point. These working points can be mapped on the respective components characteristics. The design point values are elements of this region, which yield the best thermal efficiency. Any point in the region other than the design point represents an off-design condition.
The off-design problem may therefore be stated as the determination of a point in this region that corresponds to some specified conditions at which the equilibrium criteria would be satisfied but at reduced value of thermal efficiency. Since the operating points of the individual components can be determined by using the given values of some characteristic parameters, the off-design problem reduces to computing the values of these parameters, which would satisfy the equilibrium criteria. This procedure is demonstrated in the analysis given hereafter.
Matching Procedure
Several researchers presented different methods for matching gas turbines components in the open literature. Among them the work by Flack [1] in which he presented a method of matching gas turbine components for an aeroderivative power generation gas turbine as an exercise for students in the classroom. Matching is accomplished by simultaneously solving the matching closure equations along with the component maps (either mathematical models or graphical data). Also, he claimed that this method is a tool in which a student can select components to optimize the overall performance and can predict off-design performance of a power generation unit. Kong et al. [2] work were on fuzzy logic and they used the fuzzy approaches for searching optimal component matching point in gas turbine performance simulation. Gugau and Roclawskip [3] have used an optimization software for producing the matching maps that fits turbine and compressor (turbocharger) to the internal combustion gasoline engine, and keeps fuel consumption low at all engine speeds. Tsoutsanis et al. [4] developed a novel compressor map generation method, with the primary objective of improving the accuracy and fidelity of the engine model performance prediction. A new compressor map fitting and modelling method is introduced to simultaneously determine the best elliptical curves to a set of compressor map data. The coefficients that determine the shape of compressor maps' curves have been analyzed and tuned through a multi-objective optimization algorithm in order to meet the targeted set of measurements. The proposed component map generation method is developed in the object oriented Matlab/Simulink environment and is integrated in a dynamic gas turbine engine model. The accuracy of this method is evaluated for off-design steady state and transient engine conditions. The proposed compressor map generation method has the capability to refine current gas turbine performance prediction approaches and to improve modelbased diagnostic techniques.
Considering a simple radial gas turbine used for electrical power generation application schematically showed in figure 1 . The performance of the compressor and the turbine are completely known by their characteristics maps as shown in figure 2 and figure 3. The data used in producing theses plots were taken from actual tests experiments on type 01 C. A.V compressor and inward radial turbine fitted with a nozzles casing provided by Bhinder [5] .
In this radial gas turbine engine, the component's matching should meet the following conditions:
i.
The compressor shaft speed = the turbine shaft speed, It should be noted that the second condition is subject to modification in that it is common practice to bleed air from the compressor at various stations to provide cooling air for bearings and turbine blade cooling. Quiet often it is sufficiently accurate to assume that the bleed air equals the fuel flow, and therefore the mass flow is the same throughout the compressor and the turbine. The steady state or equilibrium operation of this gas turbine engine can be achieved by the matching of its compressor and turbine. Matching the compressor and the turbine can be done by superimposing the turbine performance map on the compressor map while meeting the components matching conditions. This matching procedure is schematically shown in figure 4 . Superimposing the turbine performance map on the compressor map can be achieved by applying the usual procedure of using iterative process Refs. [6, 7, 8] which is a long process or by applying the new approach of making both map's axes (the abscissa and the ordinate) being identical.
The main difficulty here is that of temperatures: 01 T for the compressor and 03 T for the turbine are different. The procedure to overcome this problem was solved by introducing a new dimensionless parameter named as the matching parameter
The derivation of this parameter is described in the following section.
The Centrifugal Compressor
Based on figure 2 shown previously which illustrates the general compressor characteristics map. The mass flow dimensionless parameter 
The ordinate i.e. the pressure ratio parameter 2 1 o o P P , remains unchanged. Once these transformations had been made, the compressor characteristics map was plotted again in terms of these new parameters as shown in figure 5 . It should be noted that the characteristics map does not change much. 
The Radial Turbine
Based on figure 3 shown previously, which illustrates the general turbine characteristics map. The mass flow dimensionless parameter 
To satisfy the compressor-turbine matching conditions specified previously, i.e. 
For the turbine pressure ratio parameter, the ordinate axis of the turbine characteristics map 03 04 P P     for matching is transformed into the pressure ratio across the compressor as shown in Eqn. 4: 03 04 02 04 01 01
Note that:
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Once these transformations had been made, the turbine characteristics map was plotted again in terms of these new parameters as shown in figure 6 . 
Compressor-Turbine Matching
It can be seen from the graphical plots of compressor and turbine performance maps that the abscissa and the ordinate of these maps are identical. Therefore, it is clear that the turbine map could be superimposed on the compressor map to produce a complete compressor-turbine matching map as shown in figure 7 . 
Results and Discussion
The resulting matching map shown in figure 7 is a very useful tool in predicting the overall performance of matched components, i.e. the gas turbine design and off-design performance. Using the compressor-turbine dimensionless speed intersection points, where the speed is the same At any point within the matching range, the following parameters listed in Table 1 are computed according to Eqns. (7-13) given by [9, 10] . 
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For a power generation driven by radial gas turbine engine, let's consider any running line, for example, the line of speed 60000 rpm was extracted from figure 7, for clarity, it is depicted in figure 9 . It can be seen that all the matching values of the engine components at the design speed are known and are used to predict the engine performance such as thermal efficiency, specific fuel consumption and engine torque at design and off-design Based on the graphical analysis, the above parameters can be calculated within the specified working range. The output results are plotted as shown in figure 10 and figure 11 which provides important information about the performance of the gas turbine at design and off design points. 
Concluding Remarks
Applying this new approach leads to the determination of the operating range (envelope) and running line of the matched components. Also, the proximity of the operating points to the compressor surge line (how close the operating points to the surge line) is presented. However, it was concluded that the maximum operating point occurs at the maximum turbine inlet temperature ( 3 o T ). The most important it can be concluded from this work whether the gas turbine engine is operating in a region of adequate compressor and turbine efficiencies. Finally, this method saves time and work effort compared to the usual iterative process. 
Nomenclature

